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Ever since the 1930s, when a handful of physicists, chemists,
and biologists banded together into the phage school led by
Max Delbruck, there have been efforts to understand life at its
simplest and most fundamental level. In the ensuing decades
up to the present, we have achieved a complete understanding
of the genetic and chemical structure of a number of viruses,
and know in many cases the role of all of their genes. The
same cannot be said for cells. The simplest cells are bacteria,
but they generally contain thousands of genes. The desire
to understand how cells work has long attracted biologists
to work with simple, near-minimal cells because of the
assumption that smaller organisms with fewer molecular
parts will be less complex and easier to understand. Whole
genome sequencing and decades of biochemical studies
have shown that the simplest known cells that are capable
of growth in laboratory media are the atypical bacteria
called mycoplasmas. The interest in these tiny bacteria
as model systems to study cellular function led to two of
them, Mycoplasma genitalium and Mycoplasma pneumoniae,
being among the ﬁrst few bacteria of which the genomes
were sequenced (Fraser et al, 1995; Himmelreich et al, 1996).
As those genome sequences were published in the mid-1990s,
molecular and systems biology techniques have advanced
to the point that the DNA sequences can be leveraged to
gain a much deeper understanding of the biology of these
minimal cells. A trio of papers published in Science by seven
research groups coordinated by Peer Bork, Anne-Claude
Gavin, and Luis Serrano offer an unprecedentedly detailed
analysis of the transcriptional regulation, proteome organiza-
tion, and metabolic regulation of the minimal bacterium
M. pneumoniae (Gu ¨ell et al, 2009; Ku ¨hner et al, 2009; Yus
et al, 2009).
The analysis of transcriptional regulation by Gu ¨ell et al
(2009) is based on a combination of spotted arrays, strand-
speciﬁc tilling arrays, and transcript sequencing. Their
in-depth analysis of M. pneumoniae transcription under
various growth conditions precisely deﬁnes transcriptional
units, promoters, and termination signals. Previously,
a general lack of obvious standard  35 and  10 transcrip-
tional promoter regions as well as hairpin termination signals
led to the conjecture that mycoplasmas had evolved some
cryptic set of promoters and terminators; however, this
analysis showed that most of the operons had canonical or
slightly altered standard sigma 70 promoter regions and RNA
hairpin termination sites. As is the case in more conventional
bacteria, many of the operons are partially transcribed under
different conditions. They report more than 100 previously
un-annotated transcripts, most of which were antisense to
known genes. Analysis of bacterial small RNAs over the last
few years shows a much larger role for these previously
unrecognized transcripts in regulation of gene expression at
many levels. In sum, the M. pneumoniae transcriptional
regulation analysis shows an unexpected complexity that is
similar to what is present in conventional bacteria such as
Escherichia coli and Bacillus subtilis.
The proteome organization study by Ku ¨hner et al (2009)
goes far beyond the 2-D gel/mass spectrometry approaches
used in previous large-scale studies of mycoplasma proteomes
(Wasinger et al, 2000; Ueberle et al, 2002; Jaffe et al, 2004).
M. pneumoniae protein complexes were identiﬁed using
tandem afﬁnity puriﬁcation and mass spectrometry (TAP-
MS). This approach was used previously only for analysis of
Saccharomyces cerevisiae, which revealed homooligomeric
and heteroligomeric protein assemblies and many ‘moon-
lighting’ or multifunctional proteins associated with
multiple cellular machines (Gavin et al, 2006; Krogan et al,
2006; Tarassov et al, 2008). In the current analysis, the
TAP-MS data are selectively complemented using sophisti-
cated modeling and cryo-electron tomography analysis
to provide insights into the structural anatomy of
M. pneumoniae. More than 100 protein complexes were
identiﬁed from 1058 high-conﬁdence interactions between
soluble proteins. This included almost 90% of the soluble
proteins, which is a value similar to that reported for yeast.
Manyof the complexes were unexpected, such as a complexof
ﬁve aminoacyl tRNA synthetases. The associations also led to
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The simple observation from this study is that even in a
minimal cell the proteome organization is similar to that in
more complex organisms. In addition, the wealth of data
generated radically improves our perspective on the number
and content of molecular machines in a mycoplasma
cytoplasm.
The metabolism modeling paper by Yus et al (2009) is
not unlike a growing number of microbial metabolic
reconstruction studies appearing in the literature. Still, it is a
vast improvement over previous analyses of mycoplasma
metabolism because of its integration of the new under-
standing of M. pneumoniae metabolism borne from the
accompanying transcription and proteome papers, and a
rigorous experimental investigation of monitoring biomass
indicators, metabolites, and
13C glucose utilization that gave
insight into metabolic directionality, ﬂuxes, and energetics.
Importantly, the authors present the ﬁrst deﬁned medium for
these bacteria. The formulation of that mediawas predicted by
the M. pneumoniae metabolic model.
These three papers should be read as chapters in a larger
story rather than as stand-alone scientiﬁc studies. Although
each report offers a set of vignettes about M. pneumoniae
biology that will give readers a sense of one ‘ome’ of this
near-minimal organism, the power of these massive studies
is realized only by integrating the views of the M.
pneumoniae transcriptome, proteome, and metabolomes.
For those seeking more detailed information, there is a
massive set of supplementary online material that will
catalyze the expansion of our understanding of the mole-
cular machines that comprise this perhaps not so simple
organism.
In reading these papers, one must be careful to avoid not
seeing the forest because of the trees. For instance, in the
proteome paper the authors only characterized a few well-
known protein complexes, such as the RNA polymerase
and pyruvate dehydrogenase, rather than more deeply
investigate some of the many novel complexes they reported.
Many of the protein associations reported have not been
observed in any other bacterial systems. This could compel
some readers to dismiss the result in the absence of solid
proof that these unexpected biological entities exist. We
ﬁnd it simply begs further analysis. Our team at the J. Craig
Venter Institute uses mycoplasmas as platforms to learn
the ﬁrst principles in the design of cellular life (Lartigue
et al, 2007, 2009; Gibson et al, 2008). Towards that aim, we
can ascribe no function to almost 100 of approximately 370
protein coding genes in M. genitalium that are apparently
essential for life (Hutchison et al, 1999; Glass et al, 2006).
These systems biology analyses of the closely related
M. pneumoniae give us our ﬁrst clues about most of those
genes. Although we realize that some of the data offered
in these three papers may be artifactual, we suspect the
vast majority is not. For any given unknown protein or
molecular machine, the knowledge of its transcriptional
regulation and protein–protein associations can be the
catalyst for further study of the role that this protein has in
the cell, and for advancing one step closer to the long-sought
understanding of cellular life at its simplest and most
fundamental level.
Conﬂict of interest
The authors declare that they have no conﬂict of interest.
References
Fraser CM, Gocayne JD, White O, Adams MD, Clayton RA,
Fleischmann RD, Bult CJ, Kerlavage AR, Sutton G, Kelley JM,
Fritchman RD, Weidman JF, Small KV, Sandusky M, Fuhrmann J,
Nguyen D, Utterback TR, Saudek DM, Phillips CA, Merrick JM,
et al (1995) The minimal gene complement of Mycoplasma
genitalium. Science 270: 397–403
Gavin AC, Aloy P, Grandi P, Krause R, Boesche M, Marzioch M,
Rau C, Jensen LJ, Bastuck S, Dumpelfeld B, Edelmann A, Heurtier
MA, Hoffman V, Hoefert C, Klein K, Hudak M, Michon AM,
Schelder M, Schirle M, Remor M et al (2006) Proteome
survey reveals modularity of the yeast cell machinery. Nature
440: 631–636
Gibson DG, Benders GA, Andrews-Pfannkoch C, Denisova EA,
Baden-Tillson H, Zaveri J, Stockwell TB, Brownley A, Thomas
DW, Algire MA, Merryman C, Young L, Noskov VN, Glass JI, Venter
JC, Hutchison III CA, Smith HO (2008) Complete chemical
synthesis, assembly, and cloning of a Mycoplasma genitalium
genome. Science 319: 1215–1220
Glass JI, Assad-Garcia N, Alperovich N, Yooseph S, Lewis MR,
Maruf M, Hutchison III CA, Smith HO, Venter JC (2006)
Essential genes of a minimal bacterium. Proc Natl Acad Sci USA
103: 425–430
Gu ¨ellM,vanNoortV,YusE,ChenWH,Leigh-BellJ,Michalodimitrakis
K, Yamada T, Arumugam M, Doerks T, Ku ¨hner S, Rode M,
Suyama M, Schmidt S, Gavin AC, Bork P, Serrano L (2009)
Transcriptome complexity in a genome-reduced bacterium. Science
326: 1268
Himmelreich R, Hilbert H, Plagens H, Pirkl E, Li BC, Herrmann R
(1996) Complete sequence analysis of the genome of the
bacterium Mycoplasma pneumoniae. Nucleic Acids Res 24:
4420–4449
Hutchison CA, Peterson SN, Gill SR, Cline RT, White O, Fraser CM,
Smith HO, Venter JC (1999) Global transposon mutagenesis and a
minimal Mycoplasma genome. Science 286: 2165–2169
Jaffe JD, Stange-Thomann N, Smith C, DeCaprio D, Fisher S, Butler J,
Calvo S, Elkins T, FitzGerald MG, Hafez N, Kodira CD, Major J,
Wang S, Wilkinson J, Nicol R, Nusbaum C, Birren B, Berg HC,
Church GM (2004) The complete genome and proteome of
Mycoplasma mobile. Genome Res 14: 1447–1461
KroganNJ,CagneyG,YuH,ZhongG,GuoX,IgnatchenkoA,LiJ,PuS,
Datta N, Tikuisis AP, Punna T, Peregrin-Alvarez JM, Shales M,
Zhang X, Davey M, Robinson MD, Paccanaro A, Bray JE, Sheung A,
Beattie B et al (2006) Global landscape of protein complexes in the
yeast Saccharomyces cerevisiae. Nature 440: 637–643
Ku ¨hner S, van Noort V, Betts MJ, Leo-Macias A, Batisse C, Rode M,
Yamada T, Maier T, Bader S, Beltran-Alvarez P, Castan ˜o-Diez D,
Chen WH, Devos D, Gu ¨ell M, Norambuena T, Racke I, Rybin V,
Schmidt A, Yus E, Aebersold R et al (2009) Proteome organization
in a genome-reduced bacterium. Science 326: 1235
Lartigue C, Glass JI, Alperovich N, Pieper R, Parmar PP, Hutchison III
CA, Smith HO, Venter JC (2007) Genome transplantation in
bacteria: changing one species to another. Science 317: 632–638
Lartigue C, Vashee S, Algire MA, Chuang RY, Benders GA, Ma L,
Noskov VN, Denisova EA, Gibson DG, Assad-Garcia N, Alperovich
N, Thomas DW, Merryman C, Hutchison III CA, Smith HO, Venter
JC, Glass JI (2009) Creating bacterial strains from genomes that
have been cloned and engineered in yeast. Science 325: 1693–1696
Tarassov K, Messier V, Landry CR, Radinovic S, Serna Molina MM,
Shames I, Malitskaya Y, Vogel J, Bussey H, Michnick SW (2008)
An in vivo map of the yeast protein interactome. Science 320:
1465–1470
News and Views
JI Glass et al
2 Molecular Systems Biology 2009 & 2009 EMBO and Macmillan Publishers LimitedUeberle B, Frank R, Herrmann R (2002) The proteome of the
bacterium Mycoplasma pneumoniae: comparing predicted
open reading frames to identiﬁed gene products. Proteomics 2:
754–764
Wasinger VC, Pollack JD, Humphery-Smith I (2000) The proteome of
Mycoplasma genitalium. Chaps-soluble component. Eur J Biochem
267: 1571–1582
Yus E, Maier T, Michalodimitrakis K, van Noort V, Yamada T, Chen
WH, Wodke JAH, Gu ¨ell M, Martı `nez S, Bourgeois R, Ku ¨hner S,
Raineri E, Letunic I, Kalinina OV, Rode M, Herrmann R, Gutie ´rrez-
Gallego R, Russell RB, Gavin AC, Bork P et al. (2009) Impact of
genome reduction on bacterial metabolism and its regulation.
Science 326: 1263
MolecularSystemsBiologyisanopen-accessjournal
publishedbyEuropeanMolecularBiologyOrganiza-
tion and Nature PublishingGroup.
This article is licensed under a Creative Commons Attribution-
Noncommercial-Share Alike 3.0 Licence.
News and Views
JI Glass et al
& 2009 EMBO and Macmillan Publishers Limited Molecular Systems Biology 2009 3